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The Kremer-Grest (KG) polymer model is a standard model for studying generic polymer prop-
erties in Molecular Dynamics simulations. It owes its popularity to its simplicity and computational
efficiency, rather than its ability to represent specific polymers species and conditions. Here we
show, that by tuning the chain stiffness it is possible to adapt the KG model to model melts of
real polymers. In particular, we provide mapping relations from KG to SI units for a wide range
of commodity polymers. The connection between the experimental and the KG melts is made at
the Kuhn scale, i.e. at the crossover from chemistry-specific small scale to the universal large scale
behavior. We expect the KG models to faithfully represent universal properties dominated by the
large scale conformational statistics and dynamics of flexible polymers. In particular, we observe
very good agreement between entanglement moduli of our KG models and the experimental moduli
of the target polymers.
PACS numbers:
I. INTRODUCTION
Polymers are long chain molecules built by covalent
linkage of a large numbers of identical monomers [1, 2].
Some properties of polymeric materials such as their den-
sity, their ability to form semi-cristalline phases or their
glass transition temperature depend on specific chemical
details at the monomer scale. Others, like the variation
of the melt viscosity with the molecular weight of the
chains, are controlled by the large scale conformational
statistics and dynamics of long entangled chains adopting
interpenetrating random walk conformations [3]. These
latter properties, which are characteristic of polymeric
systems, are universal [3, 4] in the sense that a large
number of chemically different systems have the same
properties, when expressed in suitable material-specific
units.
The character of the target properties is crucial for
making an intelligent choice of which model to apply
in a theoretical or computational investigation. Univer-
sal properties can be predicted using simple, analytically
or numerically convenient lattice and off-lattice models,
see e.g. refs. [3, 5–8] for reviews. In contrast, pre-
dicting specific material properties for a given chemi-
cal species often requires atom-scale modeling [9]. A
growing body of work aims at developing such coarse-
grained (CG) polymer models [10–14] designed for spe-
cific polymer chemistries such as polyethylene [15–17],
polyisoprene [18–21], polystyrene [22–24], polyamide [25,
26], polymethacrylate [27], polydimethylsiloxane [21],
bisphenol-A polycarbonate [28–30], polybutadiene [31],
polyvinyl [32], and polyisobutylene [21].
∗Electronic address: science@zqex.dk
Common to these approaches is the selected inclusion
of specific chemical details in the coarse-grained mod-
els. They offer insights into which atomistic details of
the chemical structure are relevant for particular non-
universal polymer properties. The inclusion of molec-
ular details is supposed to preserve a certain degree of
transferability, i.e. models optimized to describe materi-
als at one state point are expected to remain approx-
imately valid at neighboring state points. [13, 33, 34]
Similarly, careful coarse-graining is supposed to assure
representability, i.e. the ability of a model to predict
properties that it was not explicitly designed to repro-
duce. [35]
In the present paper, we use a minimal route to in-
clude specificity into a generic polymer model, where
non-trivial large scale properties emerge through the
same mechanisms as in the experimental target mate-
rials. With universality assuring the strongest form of
representability, we expect that by matching a very lim-
ited number of conformational properties [36], we can
1) design generic polymer models that match universal
properties of real chemical polymers, and 2) map simula-
tion results for such models to real units and hence make
quantitative predictions for target polymer systems.
These generic polymer models display complex emer-
gent phenomena. For instance, static and dynamic entan-
glement effects including multichain mechanisms such as
constraint release [37–41] and crumpling [42–45] as well
as correlation hole effects [46] will naturally emerge in
such models, without the description needing to be accu-
rate on the atomic scale. Polydispersity, branching [47],
chemical cross-linking [48–50], and network aging [51] are
also straightforward to include. Furthermore, such mod-
els can be used to study effects of spatial confinement [52]
in thin films [53] and brushes [54–56] or the addition of
filler particles in composite materials [57, 58], or the weld-
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2ing dynamics at polymer interfaces [59, 60] to name a few
examples.
Here we apply this philosophy to the most popular off-
lattice polymer model introduced by Kremer and Grest
(KG) [61, 62]. In the KG model approximately hard
sphere beads are connected by strong non-linear springs
generating the connectivity and the liquid-like monomer
packing characteristic of polymer melts. The spring po-
tential is chosen to energetically prevent two polymer
chains from passing through each other and thus to as-
sure that the model reproduces the microscopic topolog-
ical constraints dominating the dynamics of long-chain
polymers [62]. The KG model is formulated in the nat-
ural units of the Lennard-Jones potential describing the
interaction potential between beads. The energy scale 
together with the bead diameter, σ, and mass, mb, define
the standard Lennard-Jones system of units including the
time scale τ = σ
√
mb/.
The purpose of this paper is to establish KG simula-
tions as a convenient tool for exploring emergent univer-
sal properties of specific polymer materials. To obtain
valid coarse-grain descriptions for commodity polymer
melts, we tune the strength of a bending potential in-
troduced into the model by Faller and Müller-Plathe[63–
65]. The proposed mapping relies on results of a preced-
ing paper, where we have studied the dependence of the
characteristic time and length scales in KG bead-spring
polymer melts on this parameter [66]. Here we pro-
vide tables specifying a one-parameter KG force field for
a wide range of experimental polymer melts, i.e. we 1)
list which bending stiffness to use for modelling a par-
ticular chemical polymer species, and 2) how to trans-
late simulation results expressed in KG units into pre-
dictions for the specific polymer material expressed in SI
units. Note that while we provide force-fields for mate-
rials like polyethylene (PE), polyoxymethylene (POM),
polyethylene terephthalate (PET), polybutylene tereph-
thalate (PBT), polytetrafluoroethylene (PTFE) or iso-
tactic polypropylene (i-PP), they cannot be expected
to reproduce the tendency to form semi-crystalline or-
dering. Such KG models should thus be taken with a
grain of salt or, maybe, as a reminder that there is more
to polymers than universal properties. Nonetheless, we
note that coarse-grain models have been used to study
crystallization[67], and recently specialized KG models
were developed and optimized[68, 69] to study crystal-
lization phenomena.
The paper is structured as follows; We introduce the
Kuhn scale in Sec. II. After characterizing experimental
(II B) and KG (IIC) melts in the corresponding units, we
derive mapping relations for static (IID) and dynamic
(II E) properties. Sec. III reviews theoretical insights
into the emergence of universal polymer behavior beyond
the Kuhn scale in an attempts to outline the types of
problems to which Kuhn matched KG models may be
profitably applied. As a practical application, we com-
pare plateau moduli inferred from KG models to exper-
imental values. The discussion in Sec. IV focuses on the
place of Kuhn scale matched KG models within the mul-
tiscale hierarchy of polymer polymers. We propose to
view Kuhn scale matching as a special case of structure
based coarse-graining, explain the advantages of match-
ing the KG model to experiments on the Kuhn rather
than the entanglement scale, and discuss the large effec-
tive time step of our models together with the expected
speedup relative to atomistic simulations. Finally, we
briefly conclude in Sec. V.
II. MATCHING AT THE KUHN SCALE
The natural units of polymer physics [3, 4, 70] are the
mesoscopic Kuhn units: the Kuhn length, lK , the Kuhn
time, τK , and kBT as the natural energy scale in en-
tropy dominated systems. Kuhn’s seminal insight in the
1930s was to use an NK step random walk of segment
length lK to descripe the large scale chain conforma-
tions [71]. For the proper choice of lK , the Kuhn model
reproduces both, the end-to-end distance at full exten-
sion, L = lKNK , and the mean-square end-to-end dis-
tance, 〈R2〉 = NK l2K , of the target polymer. In particu-
lar, flexible polymers exhibit universal behavior [3, 4, 70]
beyond the Kuhn scale defined by lK and the correspond-
ing time scale τK . In contrast, behavior on smaller scales
is material specific and dependent on atomic details. For
example, the large scale flexibility has completely differ-
ent microscopic origins in the wormlike chain [72] and in
the rotational-isomeric-state [2] models. Similarly, there
are well-documented exceptions [73] to the strong form
of time-temperature superposition principle, which pos-
tulates identical temperature dependence for all micro-
scopic relaxation mechanisms down to the atomic scale.
When it comes to linking theory, experiments, atomistic
and coarse-grain simulation, then we believe that the nat-
ural approach is to match them at the Kuhn scale.
A. The Kuhn scale
The Kuhn length,
lK =
〈R2〉
L
, (1)
characterizes the crossover from local rigid rod to random
walk behavior.
It is not straightforward to infer the Kuhn length
from the chemical structure of a polymer in its melt
state as it depends on intramolecular interactions,
chemistry-specific local packing, and universal long-range
correlations[2, 46]. However, a known Kuhn length can
be used to characterize the large scale structure of poly-
mer melts via two related dimensionless numbers.
The first such number is a dimensionless measure of
chain length, the number of Kuhn segments per chain:
NK =
〈R2〉
l2K
=
L2
〈R2〉 , (2)
3The second number, to which we refer as the Kuhn num-
ber, is a dimensionless measure of density,
nK = ρK l
3
K , (3)
defined as the number of Kuhn segments within the vol-
ume of a Kuhn length cube.
To characterise the dynamics, one can define the fric-
tion coefficient, ζK , of a Kuhn segment undergoing Brow-
nian motion. Interpreting ζK as a viscous Stokes drag,
ζK ∝ ηK lK , it is convenient to define an effective viscos-
ity at the Kuhn scale as
ηK =
1
36
ζK
lK
. (4)
The fundamental time scale of the dynamics of intrin-
sically flexible polymers is set by the time that it takes
a Kuhn segment to diffuse (DK = kBT/ζK) over a dis-
tance comparable to its own size. Again it turns out
to be practical to incorporate some numerical prefactors
into the definition of the Kuhn time:
τK =
1
3pi2
ζK l
2
K
kBT
=
12
pi2
ηK l
3
K
kBT
. (5)
B. Commodity polymer melts at the Kuhn scale
At a given state point (temperature), a melt of
monodisperse chains (with molecular weight Mc) can be
characterized by just a few experimental observables: the
mass density ρbulk, the average chain end-to-end dis-
tance per unit mass 〈R2〉/Mc, and the maximal chain
extension, L. Values for these observables for a large
number of typical polymers are collected in Ref. [74].
We present data for a selected subset of polymers ex-
pressed in Kuhn units in Tab. I. The Kuhn lengths are
in the 1−2 nanometer range, with a Kuhn segment mass
MK = Mc/NK ∼ 100 − 2000 g/mol. The number of
monomers in a Kuhn segment varies in the range of 1−13,
and the number density of Kuhn segments, ρK , varies in
the range of 0.5− 5nm−3.
A key characteristic of polymer species is their Kuhn
number, which varies for common, flexible commodity
polymers in the range 2 ≤ nK ≤ 12. For comparison,
nK  10 in gels of tightly entangled filamentous pro-
teins such as f-actin.[75] In Tab. I, we observe a strong
and systematic correlation between the Kuhn number
and emergent properties such as the entanglement modu-
lus and the entanglement length measured in Kuhn units.
This observation suggests that the Kuhn number is a key
molecular parameter in predicting entanglement related
phenomena. We will return to this point in Sec. III.
C. Kremer-Grest model polymer melts at the
Kuhn scale
The Kremer-Grest model[61, 62] is a defacto standard
model in Molecular Dynamics investigations of generic
polymer properties. The KG model is a bead-spring
model, where the mutual interactions between all beads
are given by the Weeks-Chandler-Anderson (WCA) po-
tential (the truncated and shifted repulsive part of the
12-6 Lennard-Jones potential),
UWCA(r) = 4
[(σ
r
)−12
−
(σ
r
)−6
+
1
4
]
for r < 21/6σ ,
(6)
where  defines the energy scale and σ the bead diameter.
The standard choice for the temperature is kBT = .
Bonded beads interact through the finite-extensible-non-
linear spring (FENE) potential given by
UFENE(r) = −kR
2
2
ln
[
1−
( r
R
)2]
. (7)
Choosing a spring constant k = 30σ−2 and a bond
length, R = 1.5σ, where the FENE potential diverges,
the bond length is lb = 0.965σ. The standard choice for
the bead density is ρb = 0.85σ−3. Faller and Müller-
Plathe [63–65] augmented the standard KG model with
a bending potential,
Ubend(Θ) = κ (1− cos Θ) , (8)
where Θ denotes the angle between subsequent bonds.
To prepare the present study, we have investigated the
dependence of the characteristic time and length scales in
KG bead-spring polymer melts on the reduced bending
energy, x ≡ βκ = κ/kBT [66]. In particular, we found
for the Kuhn length:
lK(x) = l
(0)
K + ∆lK (9)
l
(0)
K (x)/σ =
lb
σ
{
2x+e−2x−1
1−e−2x(2x+1) if x 6= 0
1 if x = 0
∆lK(x)/σ = 0.769888 + 0.776514×
tanh
(
0.147244− 0.405299x− 0.0298337x2)
From this relation, we can directly infer the dimensionless
Kuhn number, Eq. (3), characterising KG melts:
nK(βκ) = ρb
lb
lK
l3K . (10)
Finally, the number of Kuhn segments between entan-
glements, the Kuhn friction and Kuhn time of the KG
model are given by
NeK(x) = 39.130− 30.237x+ 4.2834x2
+3.2065x3 − 1.2879x4 + 0.1372x5(11)
ζK(x)/(mb/τ) = 36.021 + 10.149x+ 5.6341x
2 (12)
τK(x)/τ = 4.2076 + 2.8451x+ 1.6485x
2
+0.6464x3 + 0.6524x4 (13)
The parameterization of the Kuhn length we believe
to be valid for arbitrary values for stiffness βκ, while the
4name Tref
[K]
〈R2〉/Mc
[A˚2mol/g]
ρbulk
[g/cm3]
Ge
[MPa]
p
[A˚]
dT
[A˚]
nK lK
[A˚]
MK
[g/mol]
MK/Mm ρK
[nm−3]
Gel
3
K/kBT NeK α
PI-50 298 0.528 0.893 0.51 3.52 47.7 2.50 8.80 146.60 2.15 3.66 0.085 29.41 13.6
PI-7 298 0.596 0.900 0.44 3.10 55.1 2.72 8.44 119.60 1.76 4.52 0.064 42.55 17.8
PDMS∗ 298 0.422 0.970 0.25 4.06 63.7 2.82 11.42 309.28 4.17 1.89 0.091 31.08 15.7
PI-20 298 0.591 0.898 0.44 3.13 54.8 2.86 8.98 136.50 2.00 3.95 0.077 37.17 17.5
PI-34 298 0.585 0.965 0.44 2.94 56.5 3.02 9.58 156.90 2.30 3.44 0.093 32.32 19.2
cis-PBd 298 0.758 0.900 0.95 2.43 42.2 3.40 8.28 90.50 1.67 5.99 0.131 25.93 17.3
PIB(413) 413 0.557 0.849 0.38 3.51 65.8 3.47 12.20 267.90 4.77 1.91 0.119 29.02 18.7
cis-PI 298 0.679 0.910 0.72 2.69 46.0 3.47 9.34 128.60 1.89 4.26 0.144 24.15 17.1
a-PP(463) 463 0.678 0.765 0.53 3.20 61.7 3.53 11.20 183.40 4.36 2.51 0.115 30.59 19.3
i-PP 463 0.694 0.766 0.54 3.12 61.7 3.64 11.40 187.80 4.46 2.46 0.125 29.22 19.8
a-PP(413) 413 0.678 0.791 0.59 3.10 56.0 3.65 11.20 183.40 4.36 2.60 0.145 25.21 18.1
a-PP(348) 348 0.678 0.825 0.60 2.97 51.9 3.81 11.20 183.40 4.36 2.71 0.175 21.70 17.5
a-PP 298 0.678 0.852 0.60 2.87 48.8 3.92 11.20 183.40 4.36 2.79 0.205 19.15 17.0
PIB 298 0.570 0.918 0.43 3.17 55.2 3.94 12.50 274.20 4.89 2.02 0.202 19.52 17.4
a-PMMA 413 0.390 1.130 0.39 3.77 62.5 4.07 15.30 598.00 5.97 1.14 0.243 16.72 16.6
i-PS∗ 413 0.420 0.969 0.24 4.08 76.7 4.19 17.11 697.12 6.69 0.84 0.209 20.10 18.8
a-PMA 298 0.436 1.110 0.31 3.43 61.9 4.29 14.70 494.60 5.75 1.35 0.241 17.79 18.1
PI-75 298 0.563 0.890 0.46 3.31 51.8 4.53 15.00 399.30 5.86 1.34 0.379 11.94 15.6
PBd-20 298 0.841 0.895 1.34 2.21 37.3 4.54 10.10 122.40 2.26 4.41 0.335 13.55 16.9
a-PS∗ 413 0.437 0.969 0.25 3.92 76.3 4.54 17.80 725.34 6.96 0.80 0.247 18.35 19.4
PBd-98 300 0.661 0.890 0.71 2.82 45.4 4.83 13.70 284.80 5.27 1.88 0.442 10.93 16.1
PEO∗ 353 0.805 1.060 2.25 1.95 33.4 4.99 9.71 117.12 2.66 5.45 0.423 11.81 17.1
POM∗ 473 0.763 1.140 2.12 1.91 40.1 5.06 9.65 122.11 4.07 5.62 0.293 17.28 21.0
a-PHMA 373 0.366 0.960 0.11 4.73 98.4 5.19 24.40 1622.00 9.53 0.36 0.317 16.35 20.8
a-PVA∗ 333 0.490 1.080 0.44 3.14 57.9 5.26 16.50 555.70 6.45 1.17 0.428 12.30 18.4
SBR 298 0.818 0.913 0.98 2.22 43.6 5.33 11.90 173.60 2.61 3.16 0.399 13.35 19.6
P6N∗ 543 0.853 0.985 2.25 1.98 41.1 5.53 10.93 140.05 1.24 4.24 0.392 14.11 20.8
a-PαMS∗ 473 0.442 1.040 0.40 3.61 67.2 5.66 20.43 944.61 7.99 0.66 0.523 10.82 18.6
a-PEA 298 0.463 1.130 0.45 3.17 53.7 5.70 18.10 710.10 7.09 0.96 0.649 8.79 16.9
PET∗ 548 0.845 0.989 3.88 1.99 31.3 7.50 14.91 263.15 1.37 2.26 1.698 4.42 15.8
s-PP 463 1.030 0.766 1.69 2.10 42.4 7.99 16.90 278.70 6.62 1.66 1.274 6.27 20.2
PE(413) 413 1.250 0.785 3.25 1.69 32.2 8.09 13.70 150.40 5.36 3.14 1.466 5.52 19.0
a-POA 298 0.442 0.980 0.20 3.83 73.3 8.34 31.90 2295.00 12.45 0.26 1.578 5.29 19.1
PC∗ 473 0.864 1.140 3.38 1.69 33.9 10.93 18.43 393.25 1.55 1.75 3.237 3.38 20.1
PE 298 1.400 0.851 4.38 1.39 26.0 11.10 15.40 168.30 6.00 3.04 3.884 2.86 18.6
PTFE∗ 653 0.598 1.460 2.12 1.90 47.2 12.30 23.40 915.41 9.15 0.96 3.019 4.07 24.8
TABLE I: Kuhn descriptions and entanglement properties of polymers[74] characterized by experimental temperature Tref ,
mean-square extension per molecular mass 〈R2〉/Mc, bulk mass density ρbulk, entanglement modulus Ge, and derived quantities
such as the packing length p and tube diameter dT . The polymers are also characterized by their Kuhn number nK , Kuhn
length lK , mass of a Kuhn segment MK , Kuhn density ρK , and the reduced entanglement modulus Gel3K/[kBTref ], Kuhn
segments between entanglements NeK , and number of entanglement strands per entanglement volume α. ∗ denotes polymers
where we have derived the Kuhn scale descriptions, for the rest we use the values from Ref. [74]. To uniquely identify polymers,
we have added the reference temperature to some of the polymer names.
other relations hold for bending rigidities in the inter-
val −1 < βκ < 2.5. A negative chain stiffness partly
counteracts the stiffness induced by excluded volume in-
teractions between next-nearest beads along a chain, and
hence makes the chain more flexible than the standard
KG model.
52 4 6 8 10 12 14
nK
-1
0
1
2
κ
( n K
) / ε
2 4 6 8 10 12 14
nK
-3
-2
-1
0
1
2
1 0
0 ∆
κ /
ε
FIG. 1: KG chain stiffness vs. Kuhn number using eq. (10)
(solid black line) and our approximate inversion eq. (15)
(green symbols). The inset shows the error of our numeri-
cal inversion.
D. A one parameter Kremer-Grest “force field” for
commodity polymer melts
As a first step in defining a KG force field for a poly-
meric material we fix the energy scale to the thermal
excitation energy [8],
 = kBT , (14)
at the temperature of interest. The key step is the choice
of the bending stiffness: we match the dimensionless
Kuhn numbers nK characterising the experimental sys-
tem and the model polymer melt. A priori, this requires
the numerical inversion of the combination of Eqs. (9)
and (10). As shown in Fig. 1, the approximate relation
κ(nK)
kBT
= 0.822264 log(nK − 2.0)− 0.000290834n3K
+0.00871154n2K − 0.0552417nK + 0.280663 (15)
provides an excellent approximation over the experimen-
tally relevant range, 2 ≤ nK ≤ 15. Through eq. (15), lK ,
NeK , ζK , and τK become functions of the Kuhn num-
ber. Note that the standard KG model with βκ = 0
essentially corresponds to the intrinsically most flexible
polymers such as PDMS or PI with 7− 50% 3,4 content.
We can obtain the number of beads per Kuhn length
as
cb(nK) ≡ lK
lb
=
√
nK
ρbl3b
(16)
and hence the number of beads required to represent a
chain of a given length (molecular mass)
Nb = cb(nK)NK . (17)
What remains is to fix the mapping relations for the
simulation units of length, mass, and time. Equating the
model and experimental Kuhn lengths and accounting
for the small difference, lb = 0.965σ, between the bond
length and the bead diameter in the KG model, we obtain
σ =
lexpK
0.965× cb(nK) (18)
The bead mass is obtained along the same lines by equat-
ing the experimental mass of a Kuhn segment to the mass
of a Kuhn segment in the model:
mb =
MexpK
cb(nK)
. (19)
In Table II we have listed the resulting Kremer-Grest
model parameters and mappings for the polymer species
shown in Tab. I. By construction, the number of beads
per Kuhn length is an increasing function of nK and
varies between 1.7 and 3.9. With −0.4 ≤ κ ≤ 2.3 the
required stiffness parameters falls into the validity range
of our empirical relations for Kuhn length, entanglement
length, and Kuhn friction. Bead diameters vary between
4 and 10A˚, the energy scale is given by the experimen-
tal temperature range and varies within a factor of two.
Nevertheless, the KG unit of stress, 4MPa < σ−3 <
112MPa, exhibits a much larger spread. As a rule of
thumb, beads correspond to monomers. But there are
important variations. To cite some examples,
PI and PDMS (polyisoprene and polydimethylsilox-
ane) are effectively the most flexible chains, which
map fairly well on the standard KG model with
βκ ≡ 0. PI beads have a diameter of 5A˚ and repre-
sent one monomer; PDMS beads have a diameter
of 6A˚ and represent two monomers.
PS (polystyrene) beads represent three monomers and
have with 7.6A˚ a correspondingly larger diameter.
PE (polyethylene) is among the effectively stiffest
chains, which 4 beads per Kuhn length and βκ ≈ 2.
PE beads represent 1.5 monomers; with 4A˚ they are
relatively small.
PC (polycarbonate) is comparable to PE in effective
stiffness. With a diameter of 5A˚, PC beads are
comparable to PI beads. However, in the case of
PC 2.5 beads are required to represent the more
complex monomers, which is remarkably similar to
2 bead / ellipsoid models per monomer used by
Tschoeb et al.[28]
A priori, the parameters listed in Table II are only
valid at the indicated reference temperatures, where the
chain dimensions were determined experimentally. To
model polymer melts at different temperatures, we have,
in principle, to account for changes in (i) the single chain
statistics and (ii) the overall density. It is straightfor-
ward to translate a temperature dependent Kuhn length,
lK = lK(T ), into a temperature dependent bending free
6name nK βκ cb lK/σ Mm/Mb Mb/[g/mol] /10−21J σ/nm σ−3/MPa
PI-50 2.50 -0.378 1.81 1.74 0.84 81.13 4.11 0.50 32.0
PI-7 2.72 -0.086 1.89 1.82 1.07 63.37 4.11 0.46 41.3
PDMS∗ 2.82 0.013 1.92 1.85 0.46 161.05 4.11 0.62 17.6
PI-20 2.86 0.056 1.94 1.87 0.97 70.50 4.11 0.48 37.1
PI-34 3.02 0.191 1.99 1.92 0.86 78.86 4.11 0.50 33.1
cis-PBd 3.40 0.445 2.11 2.04 1.26 42.87 4.11 0.41 61.3
PIB(413) 3.47 0.483 2.13 2.06 0.45 125.69 5.70 0.59 27.3
cis-PI 3.47 0.484 2.13 2.06 1.13 60.32 4.11 0.45 44.0
a-PP(463) 3.53 0.518 2.15 2.07 0.49 85.25 6.39 0.54 40.7
i-PP 3.64 0.575 2.18 2.11 0.49 85.96 6.39 0.54 40.4
a-PP(413) 3.65 0.580 2.19 2.11 0.50 83.84 5.70 0.53 38.2
a-PP(348) 3.81 0.656 2.23 2.16 0.51 82.08 4.80 0.52 34.3
a-PP 3.92 0.708 2.27 2.19 0.52 80.84 4.11 0.51 30.7
PIB 3.94 0.714 2.27 2.19 0.47 120.66 4.11 0.57 22.2
a-PMMA 4.07 0.770 2.31 2.23 0.39 258.82 5.70 0.69 17.6
i-PS∗ 4.19 0.819 2.35 2.26 0.35 297.22 5.70 0.76 13.2
a-PMA 4.29 0.856 2.37 2.29 0.41 208.42 4.11 0.64 15.6
PI-75 4.53 0.941 2.44 2.35 0.42 163.78 4.11 0.64 15.9
PBd-20 4.54 0.944 2.44 2.35 1.08 50.16 4.11 0.43 52.2
a-PS∗ 4.54 0.944 2.44 2.35 0.35 297.19 5.70 0.76 13.2
PBd-98 4.83 1.039 2.52 2.43 0.48 113.08 4.14 0.56 23.1
PEO∗ 4.99 1.086 2.56 2.47 0.96 45.77 4.87 0.39 80.2
POM∗ 5.06 1.105 2.58 2.48 0.63 47.40 6.53 0.39 111.5
a-PHMA 5.19 1.143 2.61 2.52 0.27 621.59 5.15 0.97 5.7
a-PVA∗ 5.26 1.162 2.63 2.53 0.41 211.52 4.60 0.65 16.7
SBR 5.33 1.182 2.65 2.55 1.01 65.62 4.11 0.47 40.6
P6N∗ 5.53 1.234 2.69 2.60 2.18 51.98 7.50 0.42 100.9
a-PαMS∗ 5.66 1.265 2.72 2.63 0.34 346.66 6.53 0.78 13.9
a-PEA 5.70 1.276 2.74 2.64 0.39 259.56 4.11 0.69 12.8
PET∗ 7.50 1.646 3.14 3.03 2.29 83.82 7.57 0.49 63.4
s-PP 7.99 1.728 3.24 3.12 0.49 86.03 6.39 0.54 40.5
PE(413) 8.09 1.744 3.26 3.14 0.61 46.15 5.70 0.44 69.0
a-POA 8.34 1.785 3.31 3.19 0.27 693.22 4.11 1.00 4.1
PC∗ 10.93 2.136 3.79 3.65 2.45 103.76 6.53 0.50 51.0
PE 11.10 2.156 3.82 3.68 0.64 44.07 4.11 0.42 56.4
PTFE∗ 12.30 2.291 4.02 3.87 0.44 227.70 9.02 0.60 41.1
TABLE II: Kremer-Grest model parameters for the polymers shown in Tab. I in terms of the Kuhn number, bending stiffness
βκ, number of beads per Kuhn segment cb, Kuhn length expressed in KG units, number of beads per monomer Mm/mb, and
finally the conversion relations from KG units for energy , length σ, and stress σ−3 to SI units.
energy, κ = κ(T ), of our coarse-grain model. To a
first approximation, κ(T ) can be written in the form
κ(T ) = κh−κsT , where κh and κs are the enthalpic and
entropic contributions to the stiffness.[76] Since the Kuhn
length of the KG model, Eq. (9), depends on the reduced
bending free energy, x = κ(T )/kBT , a temperature-
independent Kuhn length corresponds to a bending free
energy of entropic origin. Note, however, that density
changes and the corresponding temperature variations in
nK result in less intuitive shifts in bead diameters and
weights with temperature. This is a consequence of our
choice to preserve the “canonical” KG bead density of
ρb = 0.85σ
−3.
In practice, the static melt properties are relatively
insensitive to changes of temperature: the relative
density expansion coefficient is d ln ρbulk/dT ≈ −6 ×
10−4K−1, while typical thermal chain expansion coeffi-
cients |d ln〈R2〉(T )/dT | < 10−3K−1.[74] Since nK(T ) ∼
ρbulk〈R2〉2, we obtain |d lnnK(T )/dT | < 3 × 10−3K−1.
In the one case where Ref. [74] provides data, atactic
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FIG. 2: KG time unit τ in ns as function of tempera-
ture for a number of polymer species listed in the legend
and distinguished by color. Typical time steps in simula-
tions are δt = 10−2τ . Solid lines: WLF-extrapolation over
the temperature range [Tg, Tg + 100K], Thick dashed lines:
WLF-extrapolation for T > Tg + 100K, Symbols: Estimate
of τ derived from experimental data for the dynamic ref-
erence temperature, T dynref , underlying the WLF extrapola-
tion. Thin dashed lines: standard estimation of the LJ time
τ = σ
√
Mb/ using the mapping values for bead diameter,
bass, and energy scale.
polypropylene, the 50% increase in temperature over the
interval 298K ≤ T ≤ 463K causes a slight increase in
density while apparently leaving the chain dimensions
unchanged. The corresponding reduction of the Kuhn
number from nK = 3.92 to nK = 3.43, suggests that
one changes the bead weights from 81 to 85 g/mol, the
bead diameters change from 5.1 to 5.4 A˚, while the re-
quired reduction of the bending stiffness decreases the
Kuhn length in LJ units from lK = 2.19σ to lK = 2.07σ.
Compared to the dynamic effects discussed in the follow-
ing section, it thus seems safe to transfer the βκ, Mb and
σ values listed in Tab. II to other temperatures. This sug-
gests that the effective bending rigidity at the KG-level
appears is essentially entropic in origin, κh  −Trefκs,
and related to rotations between isomeric states [2]. Ob-
viously, the relations provided above can be used to ob-
tain an improved parameterization, if there is informa-
tion available about the end-to-end distance and bulk
density at the state point of interest.
E. Time mapping
To reproduce not only static but also dynamic prop-
erties of target systems, we require input on their Kuhn
time, τK , or their effective viscosity, ηK , at the Kuhn
scale. Equating with τK or ηK of the Kuhn mapped KG
model, we can directly infer the value of the KG time unit
τ in SI units from Eq. (13), since the value of x = βκ(nK)
is known via Eq. (15) for the Kuhn number of the exper-
imental system. However, to carry out this program, we
needed to overcome two difficulties.
While conceptually useful, τK and ηK are not straight-
forward to observe directly. Typically, one can extrapo-
late down to the Kuhn scale within a model, if there is
information on (emergent) macroscopic behavior or time
scales at some dynamic reference temperature, T dynref . In
Section III we discuss suitable examples like the viscos-
ity of unentangled chains, η = nKNK ηK , the entangle-
ment time, τe = N2eKτK , the Rouse time, τR = N
2
KτK ,
or the terminal relaxation time, τmax. Experimentally,
the Kuhn time or equivalently the Kuhn friction can be
obtained from neutron spin echo data [84] by applying
expressions from Rouse theory to analyse the monomeric
dynamics below the entanglement time scale as in our
analysis of simulation data [66]. The entanglement time,
τe, can be measured by oscillatory rheological exper-
iments, dielectric relaxation and transverse relaxation
NMR measurements, see e.g. Refs. [85–88]. We note that
published estimates might be obtained by fitting data to
expressions, which define these times using conventions
for prefactors, which differ from those we have adopted
here.
The second difficulty is the pronounced temperature
dependence of the chain dynamics in polymer melts.
Most commodity polymer melts become glassy below a
temperature Tg in or slightly below the experimentally
relevant temperature range. As a consequence, even a
small change in temperature can have a significant im-
pact on the dynamics. Experimentally, time-temperature
superposition (TTS) [89] is used to explore polymer dy-
namics over a much wider range of frequencies than those
directly accessible to a given measurement instrument.
Here we use this approach to estimate the Kuhn time at
the temperature of interest, T , given a Kuhn time mea-
sured at the reference temperature, T dynref :
τK(T )
τK(T
dyn
ref )
= aT (T, T
dyn
ref ) (20)
As discussed in appendix A, the shift factor can be writ-
ten as
ln aT (T, T
dyn
ref ) = −
CV F (T − T dynref )
(T dynref − TV F )(T − TV F )
. (21)
Eq. (21) should be valid above the glass transition tem-
perature in the temperature range [Tg, Tg + 100K]. Here
we use a “universal” Vogel-Fulcher constant CV F =
ln(10) × 17.44 × 51.6K = 2072K. Similarly, we set
TV F = Tg − 51.6K for the Vogel-Fulcher temperature,
where viscosities and associated time scales formally di-
verge. More detailed information and specific tables with
fitted VF (or WLF, see appendix A) parameters can be
found in Ref. [89].
The mapping relations for the temperature dependent
conversion of the KG time τ resulting from Eq. (13) are
shown in Tab. III and illustrated in Fig. 2. The converted
values vary over a much wider range than the static pa-
rameters in Table II:
8name Tg[K] T dynref [K] τ
exp
e [s] nK NeK τK(T
dyn
ref )[ps] ηK(T
dyn
ref )[mPa s] τ(T
dyn
ref )[ps] σ
√
Mb/kBT
dyn
ref [ps]
PI-7 206 298 1.9× 10−5 2.72 42.55 3.9 61.5 2800 2.3
PDMS 150 298 1.1× 10−7 2.82 31.08 4.2 0.162 17 5.0
cis-PBd 174 298 8.8× 10−8 3.40 25.93 5.8 0.726 21 1.7
cis-PI 206 298 6.7× 10−5 3.47 17.1 6.0 424 17000 2.2
a-PP 262 348 1.9× 10−6 3.81 21.70 7.1 11.2 560 2.8
PIB 201 298 1.1× 10−3 3.94 19.52 7.5 4550 350000 4.0
a-PS 375 453 3.4× 10−4 4.54 18.35 9.5 1210 140000 6.8
PEO 210 348 1.5× 10−8 4.99 11.81 11 0.332 7 1.6
TABLE III: Parameters and characteristic times for commodity polymer melts and the corresponding KG models. The
first set of numbers defines the experimental input: the experimental glass transition temperature and the dynamic reference
temperature T dynref for the experimental entanglement time τe (and/or more suitable VF parameters). Using the static mapping
and, in particular, the Kuhn number nK , we can infer the number of Kuhn segments per entanglement length, NeK , from
Eq. (26) or more refined estimates [66, 77]. The Kuhn time, τK(T dynref ), and the viscosity at the Kuhn scale, ηK(T
dyn
ref ), follow
from Eqs. (5) and (30), the characteristic time scale, τ(T dynref ), of the corresponding Kuhn mapped KG model is given by
Eq. (13). For comparison, we also list the estimate for τ that results from the static mapping. Finally, we can use Eqs. (20)
and (21) to estimate τK , ηK , and τ over the entire TTS validity range (Fig. 2). References for experimental data: PI-7[78, 79],
PDMS[80], cis-PDb[80], cis-PI[80], cis-PI[81], a-PP[82], and PEO [83].
PDMS, cis-PDb and PEO are experimentally stud-
ied about 150K above Tg, resulting in KG time
scales in the 10ps range.
PI melts at 100K above Tg are represented by KG mod-
els with τ in the 10ns range.
PIB has a significantly higher τ ≈ 350ns at a similar dis-
tance from the glass transition temperature. Per-
haps this can be explained by specific intramolecu-
lar rotational barriers.[90].
a-PS has a comparable τ ≈ 140ns at 80K above Tg,
while
a-PP maps onto a KG model with τ ≈ 0.6ns at a com-
parable distance from Tg
III. PREDICTING EMERGENT UNIVERSAL
BEHAVIOR BEYOND THE KUHN SCALE
Having completed the matching of experimental sys-
tems and KG model polymer melts at the Kuhn scale,
an obvious question arises: do we have reasons to be-
lieve, that this is “enough” to quantitatively describe the
emergent behavior on much larger scales?
In the following, we provide a brief outline of poly-
mer theory [3, 4, 70, 91] to argue that this is indeed
the case. The point of the exercise is to illustrate, that
two monodisperse polymer melts of chemically different
polymers are expected to show the same universal large
scale properties, provided (i) they are characterized by
the same number of Kuhn segments per chain, NK , (ii)
the same dimensionless Kuhn number, nK , and (iii) prop-
erties are measured in the “natural” Kuhn units. Our
KG models can be expected to have predictive power
for emergent polymer properties, if we may take it for
granted, that this universality of properties of different
chemical species also extends to computational models
that exhibit the key features of polymer melts: chain
connectivity, local liquid-like monomer packing, and the
impossibility of chain backbones to dynamically cross
through each other.
We begin our short tour d’horizon with the Rouse
model [3, 92], which describes the dynamics of short un-
entangled polymers. Rouse considered the Langevin dy-
namics of a “Gaussian” chain composed of beads, which
experience local friction and which are connected by har-
monic springs representing the entropic elasticity of poly-
mer sections beyond the Kuhn scale. In this model, the
maximal internal relaxation time of a chain is given by
the Rouse time
τR = N
2
K τK . (22)
In the Rouse regime, the macroscopic melt viscosity can
be written as
η = nKNK ηK . (23)
The key for understanding the properties of polymer
melts is the realisation, that chains strongly interpene-
trate. The Flory number, nF = ρc〈R2〉3/2, is defined as
the number of chains populating, on average, the volume
spanned by one chain. For our present purposes, it is
important to note that nF and hence the degree of this
interpenetration can again be simply expressed as a sole
function of the two dimensionless numbers characterising
a melt on the Kuhn scale:
nF = nKN
1/2
K (24)
or nF ∼ 350 for natural rubber.
That the Flory number is large, explains why chains
behave nearly ideally in dense melts[93] and why such
9polymer systems can often be well described by mean-
field theories [94, 95]. Beyond the Kuhn scale, the univer-
sal aspects of mesoscale conformations[96, 97] and liquid
structure[98, 99] in polymeric systems can be described
by Gaussian chain models. In this model, the notion of a
chain contour length is lost. This is particularly apparent
in the continuum limit, which is frequently employed in
theoretical calculations[3, 100]. Systems are thus charac-
terised by a single dimensionless number, which is often
referred to as the invariant degree of polymerization,
N¯ = ρ2c〈R2〉3 = n2KNK = n2F . (25)
This dimensionless measure plays a key role in more
complex polymer systems such as block-copolymers un-
dergoing micro phase separation[97, 101], since it is re-
lated to the number of intermolecular pair-interactions
a given reference chain experiences. It is evident from
Eq. (25) that Kuhn matched KGmelts can be expected to
automatically reproduce all emergent properties, which
depend of the invariant degree of polymerization, N¯ .
For a more detailed discussion of these aspects in the
context of multi-scale modeling, we refer the reader to
Refs. [102, 103]. In the following, we take a closer look a
dynamic properties.
Chains undergoing Brownian motion can slide past
each other, however, their backbones cannot cross[3]. As
a consequence, the motion of long chains is subject to
long-lived topological constraints[104]. Modern theories
of polymer dynamics [3] are based on the idea that molec-
ular entanglements confine individual chain segments to
a one-dimensional, diffusive motion (reptation [105]) in
tube-like regions in space [106]. The constraints be-
come relevant at scales beyond the entanglement (con-
tour) length[107, 108], Le, or the equivalent number of
Kuhn units between entanglements, NeK = Le/lK . Ac-
cording to the packing argument for loosely entangled
polymers [75, 109, 110], there are
NeK =
(
α
nK
)2
(26)
Kuhn segments per entanglement length. The corre-
sponding spatial scale is the tube diameter which is given
by
dT
lK
=
√
〈R2(NeK)〉
l2K
=
√
NeK =
α
nK
(27)
To define a length scale characterizing the chain pack-
ing in a polymeric material, one can consider a spherical
region centered on a chosen monomer. If the region is
small, then most monomers found inside will belong to
the same chain as the chosen monomer. If the region is
large, then most monomers inside the region belong to
other chains. The packing length [108, 111] is related to
the Kuhn number as
p
lK
=
Vc
lK〈R2〉 =
(
l3KρK
)−1
= n−1K , (28)
The number of entanglement strands per entanglement
volume is
α =
dT
p
=
ρK
NeK
d3T = 18± 2 , (29)
which appears to be a universal constant for all flexible
polymers [45, 109, 110, 112]. Values of α for the present
polymer species are shown in Tab. I.
Just like the fundamental time scale τK is deter-
mined by Kuhn segment diffusion coefficient and the
Kuhn length, the diffusion of an entanglement segment
(De = kBT/[NeKζK ]) and the tube diameter also define
a characteristic time scale τe:
τe
τK
= N2eK =
(
α
nK
)4
. (30)
Above the entanglement time, the Rouse model fails to
describe dynamic correlations in polymer melts. Again,
the point to note is, that when defined in Kuhn units,
the spatial and temperal scales that emerges due to en-
tanglements only depend on the Kuhn number, nK .
In the limit of long chains the maximal relaxation time
is [105] is τmax = 3Z3τe, where Z = NK/NeK denotes
the number of entanglements per chain. Using Eq. (26),
we see that
Z =
n2KNK
α2
(31)
only depends on dimensionless constants, which are re-
produced in KG melts parameterized at the Kuhn scale.
As a consequence, the correct number of entanglements
emerges from the microscopic topological constraints in
the KG melts, suggesting that they also exhibit the same
asymptotic maximal relaxation time as the experimental
target systems:
τmax
τK
= 3Z3
τe
τK
= 3
n2KN
3
K
α2
. (32)
For chains of finite length, relaxation processes such as
contour length fluctuations and constraint release mod-
ify the maximal relaxation time [3, 113]. But as such
effects are controlled through the effective chain length,
Z, in entanglement units, they can be also expected to
be faithfully reproduced in our KG models [114].
Turning now to macroscopic material properties, in
slowing down the chain equilibration after a deformation,
entanglements dominate the viscoelastic behavior of high
molecular weight polymeric liquids. For τe < t < τmax
the shear relaxation modulus, G(t) exhibits a rubber-
elastic plateau, GN = 45Ge, where the entanglement
modulus is[109, 110],
Gel
3
K
kBT
=
ρK l
3
K
NeK
=
n3K
α2
. (33)
From the time dependent shear relaxation modulus one
can obtain the shear compliance and the melt viscosity.
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FIG. 3: Reduced entanglement moduli for the polymers in
Tab. I compared to the theoretical expectation for flexible
polymers eq. (33) (red dashed line) to our the semi-empirical
prediction of eq. (42) in Ref. [66]) (black dotted line) The
symbols denote in order of increasing Kuhn number: PI-50
(orange ◦), PI-7 (red ×), PDMS (orange ∗), PI-20 (magenta
+), PI-34 (green 4), cis-PBd (blue ), PIB(413) (red ◦),
cis-PI (blue ∗), a-PP(463) (orange +), i-PP (orange ), a-
PP(413) (green ), a-PP(348) (black +), a-PP (red ), PIB
(magenta ∗), a-PMMA (indigo 4), i-PS (indigo ), a-PMA
(red ), PI-75 (black ), PBd-20 (indigo +), a-PS (blue ),
PBd-98 (black 4), PEO (green ∗), POM (black ), a-PHMA
(black ∗), a-PVA (blue ×), SBR (blue ◦), P6N (black ×),h a-
PαMS (red ∗), a-PEA (green +), PET (green ), s-PP (indigo
∗), PE(413) (orange4), a-POA (magenta ), PC (red4), PE
(orange ×), and PTFE (black ◦).
The asymptotically expected result [3] for long entangled
chains is given by
η
ηK
=
pi2
15
Geτmax
ηK
=
12
5
n5KN
3
K
α4
. (34)
suggesting that this property should also be quantita-
tively reproduced by our KG models.
Figure 3 shows the reduced entanglement moduli as a
function of Kuhn number. The experimental data are
in good agreement with eq. (33) for flexible chains.[112]
The scatter observed between the experimental plateau
moduli and the predicted plateau modulus line must be
attributed either to chemical details causing some small
degree of non-universal behaviour[115], such as a non-
negligible crystalline fraction, or to experimental uncer-
tainties in accurately estimating the plateau modulus
which can be quite difficult.[116] For the very largest
Kuhn numbers, the experimental data points can not
discriminate between the packing argument and the pre-
dicted cross-over to the tightly entangled regime.[66, 75]
Figure 4 shows a comparison between experimental
plateau moduli and entanglement moduli of KG melts
extracted from Primitive Path Analysis [66, 114]. Most
of the experimental values are within the 25% error in-
terval around the line defined by the one parameter KG
models. This is concrete evidence, that the emergent en-
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FIG. 4: Reduced entanglement moduli for the experimental
data in Fig. 3 compared to the range of KG models for −1 ≤
βκ ≤ 2.5 (blue solid line), with indications of ±25% error
(dashed black lines). Also shown are our the semi-empirical
prediction of eq. (42) in Ref. [66]) (black dotted line)
tanglement properties of our KG models agree with those
of the targetted experimental polymer systems. Interest-
ingly, the stiffer KG models also seem to be in excellent
agreement with the predicted cross-over to tightly entan-
gled regime.[66, 75]
To summarise: we have illustrated how static, dy-
namic, mesoscopic and macroscopic properties of poly-
mer melts depend on just two dimensionless parameters:
the Kuhn number and the number of Kuhn segments per
chain length when these properties are expressed in nat-
ural dimensionless form using the Kuhn length, Kuhn
time, Kuhn viscosity and the thermal excitation energy.
Hence we expect to obtain identical dimensionless results
from experiments of chemical polymer systems and from
simulations of model polymer systems when the Kuhn
number and number of Kuhn units per chain used in
the KG model simulations match those of the polymer
species.
IV. DISCUSSION
Polymeric systems exhibit a wide range of character-
istic time and length scales. This is readily illustrated
for the example of natural rubber, i.e. melts of cis-PI
chains with a typical length of NK = 104 Kuhn seg-
ments. Important characteristic length scales comprise
(i) the Kuhn length, lK ≈ 1nm, (ii) the tube diameter,
dT ≈ 5nm, (iii) the coil diameter, 〈R2〉 ≈ 100nm, and
(iv) the contour length, L ≈ 10µm. The spread is even
larger between the characteristic time scales. There are
already almost three orders of magnitude between the
Kuhn time, τK ∼ 1× 10−7s, and the entanglement time,
τK ∼ 7 × 10−5s. The Rouse time of τR ∼ 108τK ∼ 10s
governs fast processes such as the tension equilibration
inside the tube [3], while the estimated disentanglement
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FIG. 5: Speed up of KG models due to increased stiffness.
The left graph shows the speed up relative to the standard KG
model with βκ = 0, while the right graph shows the number
of particle updates, Neb τeτ
τ
δt
, required to follow the dynamics
of one entanglement strand over the entanglement time.
time is τmax ∼ 4h.
The slow dynamics has dramatic consequences for
macroscopic properties such as the viscosity. Our es-
timate of the effective viscosity at the Kuhn scale is
ηK ≈ 0.4Pa s. The viscosity of a short chain melt
at the entanglement threshold, NK = NeK , is already
two orders of magnitude larger, ηe ≈ 40Pa s, while for
our strongly entangled (Z = NK/NeK = 400) example,
η ≈ 5 × 109Pa s. In other words, the long chain melt
exhibits a macroscopic viscosity similar to glass forming
liquids close to Tg, even though locally the chains expe-
rience a friction as if they were immersed in motor oil.
The wide range of relevant time and length scales in
polymeric systems makes them natural targets for multi-
scale modelling.[13, 117, 118] In particle-based models,
the resolution ranges from the atom scale to DPD-like
descriptions, where entire chains are represented by one
or two soft spheres or ellipsoids[102, 119]. What is the
natural place of KG-like models in this hierarchy? And
how should they be parameterized?
A. Entanglement vs. Kuhn scale as targets for KG
models
Typically, the KG model is mapped to experiments [8,
62] or simulations of more microscopic models [120] on
the entanglement scale. Inspections of the formulas in
Sec. III suggests, that one can hope to reproduce the
large scale dynamics by matching the number of entan-
glements, Z, between target and model system and by
identifying the tube diameter, dT , as the unit of spa-
tial distance as well as the entanglement time, τe, as the
unit of time. Conceptually, this is what universality is
all about and not different from using experimental data
for PDMS to predict universal aspects of the behavior of,
say, amorphous polystyrene.
As illustrated by Fig. 5, it is tempting to use the ad-
ditional stiffness parameter [64] to reduce the CPU time
required to reach the entanglement scale [44, 65]. But
how far up the scales can one safely the push charac-
teristic features of the KG model like the well-defined,
almost inextensible contour length and the almost fully
excluded molecular volume? These features are adequate
for a description on the Kuhn scale, but not for a generic
model of loosely entangled chains at the entanglement
scale.
Targeting the Kuhn scale, as we advocate here, pro-
vides a simple physical motivation for the choice of the
stiffness parameter and should help to reduce “gaps” [120]
relative to predictions of more microscopic models for the
local behavior. Since βκ > 0 for most Kuhn matched KG
models of commodity polymers, they are more efficient
than the original KG model in reaching the entanglement
scale, even though by targeting the Kuhn scale the mod-
els are nominally more microscopic. Typical speedups
are of the order of 4, in the case of polycarbonate they
reach a factor of 30 (Fig. 5).
B. Linear vs. nonlinear universality in the
rheology of polymer melts
Crucially, we can hope to extend the validity range of
the KG model by, to paraphrase Einstein, making the
chains “as stiff as possible, but not stiffer.” By repro-
ducing the number of Kuhn segments per entanglement
length, NeK , the models account for the maximal chain
extension,
√
NeK , under strong deformations. Further-
more, KG melts parameterized at the Kuhn scale plausi-
bly exhibit friction reduction in fast elongational flows, in
so far as the effect can be attributed to the alignment of
the Kuhn segments to the stretching direction[121, 122].
There are thus good reasons to expect, that the mod-
els discussed in the present article fulfil all three condi-
tions for non-linear universality in the rheology of poly-
mer melts [123].
C. Computational performance of Kuhn matched
KG models compared to descriptions on neighboring
scales
Kuhn matched KG models are computationally much
less demanding than atomistic simulations. This is due
to two factors: (i) There is a considerable reduction in
the number of degrees of freedom. We have not counted
atoms, but assuming carbon and hydrogen atoms as the
dominant components, molecular bead weights between
40g/mol and 700g/mol translate to 3 to 50 united atoms
that are being represented by one KG bead. If hydrogen
atoms are represented explicitly, then these numbers in-
crease by a an additional factor of two or three. (ii) At
the reference temperature, T dynref , of the rheological exper-
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iments, our estimates for the physical meaning of the KG
unit of time, τ , vary in the range 5ps < 1τ < 0.35µs. The
corresponding time step of 50fs < δt = 10−2τ < 3.5ns is
thus 50 to 3.5× 106 times larger than the 1fs time step
in atomistic simulations. The time step in atomistic sim-
ulations is dictated by typical frequency of bond vibra-
tions. Whereas if bond lengths are constrained, then the
typical time scale is that of bond angle vibrations which
occurs on time scales of tens of fs. [117, 124] For systems
closer to the glass transition, the speedup in modelling
the large scale behaviour along the present lines would be
exponentially larger. Compared to an atomistic model,
this obviously comes at the price of loosing the ability to
predict any of the glassy behaviour.
With at least 106 particle updates per entanglement
strand and time (inset Fig. 5), Kuhn matched KG mod-
els are bound to be slower than PPA-parameterized slip-
link augmented DPD-models [125–129]. Again, the more
coarse-grain description benefits from a reduction of the
number of degrees of freedom by a factor of the order of
1/NeK as well as a corresponding reduction of the num-
ber of time steps by a factor of τK/τe ∼ 1/N2eK . For
the intrinsically most flexible polymers in Table I, the
speedups may be as large as a factor of 104 or even 105
in rare cases. While this approach is clearly successful,
there is nevertheless a price to be paid: effects of topolog-
ical constraints do not emerge through the same mecha-
nisms as in the target systems, but are described within a
phenomenological model. While the tube/slip-link model
is in general well understood [116], we suspect that non-
linear universality [123] or the emergence of crumpling in
non-concatenated ring melts [44, 45] remain a challenge.
D. Kuhn scale matching as a special case of
structure based coarse-graining
The construction of coarse-grain models requires
choices and the definition of (subjective) priorities. A
classic example is the tension between structure-based
approaches[6, 7, 13] and schemes focused on preserving
thermodynamic properties[130].
Kuhn scale matching can be viewed as a special case of
structure-based coarse-graining. It is guided by theoreti-
cal considerations, which identify the Kuhn scale as con-
trolling the emergent, universal behavior at larger time
and length scales. Consequently, no particular effort is
made to reproduce the local behavior. The resulting “one
parameter force-field” for the KG model is remarkably
simple, but this simplicity obviously comes at the price
of loosing the ability to predict (or to understand) the be-
haviour of experimental target systems below the Kuhn
scale. In particular, this holds on the bead scale, where
we employ a computationally convenient, generic model
without any particular relation to the properties (or the
structure) of the target system.
The techniques for structure-based coarse-graining are
well understood[10, 131–133]. If applied on a similar level
of coarse-graining as our KG models (i.e. retaining a
comparable number of degrees of freedom), the result-
ing models can be expected to offer a locally more faith-
ful representation. The differences are probably minor
for polymers like isotactic polystyrene, where our KG
beads represent three polystyrene monomers. The situ-
ation is different for polymers like polycarbonate, whose
monomers are represented by several KG beads. There is
no reason whatsoever, why the “beads” arising from sys-
tematic coarse-graining ought to be of equal size, spher-
ical or be joined in a straight line like those of our KG
models.[10, 28, 119] Such models may provide insight into
the relation between structure, local dynamics, and the
dissipation mechanisms responsible for the glassy dynam-
ics, which is lost in our approach. In terms of computa-
tional performance, they should fall in between atomistic
descriptions and Kuhn matched KG models, since they
need to resolve motion on smaller time scales.
E. Time scales in coarse-grain models
There is a persistent idea in the literature [8] that the
time scale in simulations of coarse-grain models can be
inferred by standard dimensional analysis. The difficulty
becomes clear, if we try to follow this approach on the
Kuhn scale. The time scale lK
√
MK/kBT can be under-
stood as the time required by a Kuhn segment to bal-
listically cover a distance comparable to its size, lK , if
it moves at its thermal velocity, vthK =
√
kBT/MK . In
contrast, the physically relevant Kuhn time, τK , is con-
trolled by the local viscosity, Eq. (4), which emerges from
microscopic interactions below the Kuhn scale and which
is expected to display an exponential WLF temperature
dependence, Eqs. (20) and (21).
The systematic linking of times scales on different lev-
els of spatial and temporal resolution remains a challenge.
A conceptual framework is provided by the Mori-Zwanzig
projector formalism.[134, 135] Here the projection op-
erator is defined by the choice of "slow" CG variables.
The formalism provides a generalized Langevin equation
(GLE) for the time evolution of the CG variables, where
the effect of the "fast" variables is described by the GLE
memory kernel giving rise to friction and stochastic forces
applied to the slow variables. In practice, sampling such
GLE memory kernels requires simulations of the fast dy-
namics for fixed slow variables, which is complicated and
has only been achieved relatively recently.[136–138]
In practice [24], one often uses a mapping approach,
where the time scale of the coarse-grain simulations is
determined by the condition, that the coarse-grain and
the microscopic model predict identical dynamics on
the largest time scales accessible to the microscopic ap-
proach. In the present case, we have used a mapping on
the Kuhn scale to estimate the physical meaning of the
KG time scale τ . As shown in Table III and Figure 2,
these estimates exceed by orders of magnitude the time
scale arising from the standard combination σ
√
Mb/ of
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the diameter and mass Mb of the KG beads with the
energy scale of the model.
This mismatch strikes us as a natural and highly de-
sired consequence of the elimination of microscopic de-
grees of freedom and of the associated dissipation mech-
anisms. In principle, it is possible to preserve σ
√
Mb/ as
the definition of time by tuning the friction of a Langevin
(or preferentially, DPD[139]) thermostat such that the re-
sulting τK matches the experimental target value. How-
ever, this would make the simulations orders of magni-
tude more expensive in terms of computer time without
providing additional physical insight.
F. Kuhn scale matched KG models as part of a
multiscale hierarchy of polymer polymers
In our opinion, the Kuhn scale merits to be systemat-
ically included in the hierarchy of multi-scale models of
polymeric systems. Omitting it risks to mask a remark-
able simplicity, which emerges from the universality of
polymeric behavior.
We have focused on the KG model with bending
rigidity, because it has been used in a vast number
of publications as a basis for studying generic polymer
and materials physics, see e.g. [6, 7, 13] for reviews.
Furthermore, there are several fast equilibration proce-
dures [103, 140, 141], which allow to build very well
equilibrated, highly entangled melt configurations at rel-
atively low computational cost. Obviously, one could ap-
ply the same logic to bead-spring models with variable
density, to models based on chains of rods rather than
beads[142] or to lattice models[143–146] as long as these
capture the relevant physics of polymers.
Kuhn matched polymer models are easy to connect
to neighboring scales. In the “up”-direction, the prim-
itive path analysis [147] provides a systematic link to
phenomenological models describing polymers on the en-
tanglement scale[125–129]. In the “down” direction, they
enable the generation of well equilibrated atomistic ma-
terial models through fine-graining of melt configurations
of a chemistry-specific KG model.[148]
The information we used here to parameterize the KG
model was obtained top-down from experiment[74]. Our
aim was to provide reasonable estimates of these param-
eters for a wide variety of polymer species and over the
entire experimentally relevant temperature range. Alter-
natively, one could analyse simulations of atomistic [15–
21, 21–27, 31, 32] or mildly coarse-grain [28–30] models of
target polymers at specific state points. If the purpose is
solely to parameterize the present model, then it suffices
to analyze the simulations along the lines of the accom-
panying paper [66]. The inferred Kuhn length, density
and time are straightforward to convert into a bottom-up
parameterization of the KG model, which then provides
access to much larger time and length scales than the
original, more microscopic model.
V. CONCLUSION
We have argued that the Kuhn scale is a natural scale
(i) to link theories, experiments and simulations of amor-
phous polymer melts and (ii) to target in building compu-
tational polymer models. Omitting the Kuhn scale from
the hierarchy of multi-scale models risks to mask a re-
markable simplicity, which emerges from the universality
of polymeric behavior.
In practical terms, we have shown how to model ho-
mopolymer melts of a large variety of polymer species
with an extension of the Kremer-Grest model [61, 62],
which was originally introduced by Faller and Müller-
Plathe [63]. The force field has a single adjustable pa-
rameter, the chain stiffness. We determine this parame-
ter by matching the (Kuhn) number of Kuhn segments
per Kuhn volume, nK = ρK l3K , of the target polymer
species and the KG polymer model. No attempt is made
to reproduce smaller scale features. Besides expressions
for estimating the model parameters from experimental
input, we have provided tables listing which bending stiff-
ness to use for particular polymer species and how to
translate KG into SI units. Our estimates for the map-
ping from simulation to physical time are based on time-
temperature superposition.
Conceptually, Kuhn scale matching can be seen as
a special case of structure based coarse-graining. The
choice of the structural features to be preserved is guided
by theoretical considerations, which identify the Kuhn
scale as controlling the emergent universal polymer be-
havior at larger time and length scales.
The resulting coarse-graining level is about one bead
per chemical monomer or two to three beads per Kuhn
segment. Kuhn matched KG models thus fall in between
atomistic or mildly coarse-grain models and descriptions
on the entanglement scale. Both coarse-graining steps,
from the atom to the Kuhn and from the Kuhn to the en-
tanglement scale, are associated with performance gains
of several orders of magnitude. For systems close to the
glass transition, the speedup in modelling the large scale
behaviour is even exponentially larger. Compared to
atomistic descriptions, Kuhn matched KG models loose
the ability to predict the microscopic (glassy) dynamics
or to reproduce semi-crystalline ordering. Compared to
phenomenological entanglement models, Kuhn matched
KG models preserve the emergence of the full spectrum
of universal amorphous polymer properties through the
same mechanisms as in the experimental target systems.
In particular, we expect them to automatically fulfil all
three conditions for non-linear universality in the rheol-
ogy of polymer melts [123].
An interesting challenge for future work would be the
parameterization of a corresponding force-field for co-
polymer systems, using for example the technique from
Ref. [149]. While this should, in principle, be possible at
least for static properties, modelling the dynamics might
no longer be as simple as adjusting a single time scale.
Similarly, it might be possible to parameterise minimal
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models of glassy[150, 151] or semi-crystalline[67] poly-
mers along the present lines.
Appendix A: Time-temperature superposition
For a TTS reference temperature T0 the empirical
Williams-Landel-Ferry (WLF)[152] shift factor has the
form
log10 aT (T ;T0) = −
C1(T0)(T − T0)
C2(T0) + (T − T0) . (A1)
Eq. (A1) is valid above the glass transition temperature
in the temperature range [Tg, Tg + 100K]. Using Tg as
reference temperature, the constants adopt “universal”
values Cg1 ≈ 15 and Cg2 ≈ 50K.[152] Other choices re-
quire suitably adjusted parameters C1(T0) and C2(T0).
The conversion can be avoided by writing the shift fac-
tor in a form derived from the equivalent Vogel-Fulcher-
Tammann-Hesse equation [Refs. 14-16 from Ngai]
ln aT (T ;T0) = − CV F (T − T0)
(T0 − TV F )(T − TV F ) . (A2)
The relations
TV F = T0 − C2(T0) (A3)
⇔ C2(T0) = T0 − TV F
CV F = ln(10)C1(T0)C2(T0) (A4)
⇔ C1(T0) = CV F
ln(10)(T0 − TV F )
with CV F ≈ 2000K allow to pass between the two rep-
resentations. In particular, Eqs. (A1) and (A2) suggests
(i) that the viscosity diverges at the Vogel-Fulcher tem-
perature TV F = Tg − Cg2 located ∼ 50K below the glass
transition temperature and (ii) that the orders of mag-
nitude by which the viscosity drops in the opposite limit
of T → ∞ are given by C1(T0) and are hence inversely
proportional to the distance of the reference from the
Vogel-Fulcher temperature. More detailed information
and specific tables can be found in Ref. [89]. Note, how-
ever, that their Eq. (26.3) ought to read
log10 aT (T ;T0) =
CV F / ln(10)
T − TV F −
CV F / ln(10)
T0 − TV F . (A5)
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